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Abstract 
This paper describes a detailed process optimization of the mass and energy balances for multi-stage membrane systems used in 
coal-fired power plants. Based on the recovery rate of 50% or 90% CO2 with 95 mol% CO2 purity, different concepts using 
recirculation of flue gas and variation of feed gas compressor and vacuum pump on the permeate side were developed and 
optimized to obtain minimum energy consumption. Simultaneously, a cost model was developed to make a further analysis of the 
optimized concept in view of the tradeoff balance between material and energy consumption. 
© 2008 Elsevier Ltd. 
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1. Introduction 
Chemisorbent processes (monoethanol amine – MEA) are considered to be the most feasible method of post-
combustion capture and are already at an advanced stage of development. However, the chemical processes still 
involve high material costs, high waste disposal costs, and high energy demands for the CO2 recovery process. Gas 
separation membranes are attracting more and more attention as a possible alternative. 
A rational membrane system design based on feasible membranes should take into account the following factors: 
1) separation target (CO2 recovery rate and CO2 purity); 2) operating conditions (pressure, temperature, CO2 fraction 
of feed gas etc.); 3) trade-off balance between material cost (membrane area, module, investment for compressors, 
O&M expenses etc.) and energy consumption. 
Because the flue gas of coal-fired power plants has a low CO2 concentration of 13-15 mol% [1] at ambient 
pressure, in order to achieve the desired CO2 recovery rate > 90% and CO2 purity > 95 mol%, which is feasible with 
the competing technology (chemical absorption) and required for pipeline transport [2, 3], two strategy lines should 
be considered: 1) Single-stage membrane with high selectivity. According to our own simulation results [4] and a 
feasibility study for the polymer gas separation membranes used in post-combustion by Van der Sluijs [5] the 
CO2/N2 selectivity should be larger than 200. 2) Optimized multi-stage membrane systems adopting feasible 
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membranes (e.g. CO2/N2 selectivity 43, CO2 permeance 0.5 Nm3/m2hbar in this work). Although CO2/N2 polymer 
membranes have experienced a tremendous development in the past decade [6-12], owing to the trade-off between 
the membrane permeability and selectivity [13] one thing to be kept in mind is that the CO2/N2 selectivity of the 
state-of-the-art commercial membrane is not above 60 [14]. It then becomes very important to develop a multi-stage 
gas separation membrane process with feasible membranes to fulfill the separation target defined above. 
In the present work, a reference power plant named Reference Power Plant North Rhine-Westphalia (RKW-
NRW) [15] was chosen for the energetic and economical analyses, see Table 1. The multi-stage polymer membranes 
should be installed after the DeNOx, dust removal (E-filter) and desulphurization (FGD) processes and before the 
cooling tower, analogous to amine stripping processes [16].  
Within the framework of the MEM-BRAIN project [17], the PEBAX polymer membrane developed by GKSS, 
Germany [18], is used here. The virtual binary flue gas composition of 14 mol% CO2 and 86 mol% N2 was 
simulated for the system. 
The PRO/II software (Simulation Science Inc.) was used for the simulation. There are different thermodynamic 
models for the energy balance calculation by PRO/II; the Soave-Redlich-Kwong equation of state was chosen for 
the present case. 
Table 1 RKW-NRW power plant basic data [15]
Power plant RKW-NRW: 
Output gross 600     MW 
Output net 555     MW 
Efficiency 45.9     % 
Steam parameters 285 bar/ 600°C / 620°C 
Operation time 6000    h/year 
Fuel input 1230    kt/year*
Investment costs 517.1   million euro 
O & M costs 7.8       million euro/year 
Fuel costs 41        euro/t 
Electricity price 3.37     cent/kWh 
Flue gas conditions after removal of pollutants: 
Pressure 1.05     bar 
Temperature 50        °C 
Flow rate 1.584   million Nm3/h*
    *: simulated by PRO/II using the hard coal “Klein Kopje”
2. Optimization process for energy consumption 
It is well known that the driving force of gas separation membranes for CO2 permeation is the partial pressure 
difference between the feed and the permeate side. Owing to the limitation of the operating conditions of post-
combustion capture – the feed flue gas has only ambient pressure – a certain CO2 partial pressure difference must be 
created by using a compressor on the feed side or a vacuum pump on the permeate side in order to obtain an 
adequate driving force. The application of a compressor and vacuum pump leads to electrical energy consumption, 
which increases the energy penalty of the existing power plants. The feasibility study of polymer membranes done 
by a Dutch group [5, 19] shows that the energy requirement for the compressors is the dominant cost factor in the 
recovery process. In the present paper, the optimization work focuses on developing a multi-stage membrane 
concept with minimum energy consumption, which fulfills the separation target – 95 mol% CO2 purity and 90% 
degree of CO2 separation.  
Table 2 shows the simulation results of the energy consumption of the single-stage GKSS membrane used in 
RKW-NRW by applying the vacuum pump on the permeate side (30 mbar).  
270 L. Zhao et al. / Energy Procedia 1 (2009) 269–278
Li Zhao / Energy Procedia 00 (2008) 000–000 
Table 2 Energy consumption of single-stage GKSS membrane (CO2/N2 selectivity 43, 
CO2 permeance 0.5 Nm3/m2hbar) used in RKW-NRW, the vacuum level on the permeate side is 30 mbar
Energy consumption Efficiency penalty  CO  purity  CO  separation degree Membrane area 2 2
[mol%] [%] [× 106 m2] [kWh/kg CO2 separated] [% point] 
80 50 2.552 0.106 1.91 
Then in the following part of this paper, the optimization work will focus on how to arrange compressors, 
expanders and vacuum pumps suitably with minimum energy consumption to reach the separation target. The 
“optimizer” module in PRO/II enables this idea to be realized, i.e., through setting the objective function “energy 
consumption” as the minimum and defining the separation target – “CO2 purity” and “degree of CO2 separation” as 
two specifications. If “membrane area” is chosen as a variable, with the definition of the membrane parameters 
(permeability and selectivity) and the operating conditions the simulation of the membrane system can be carried out 
to fulfill the target. The definitions of the icons used in the process are listed in Table 3. The efficiency of the 
compressor, expander and vacuum pump is assumed to be 85% for the simulation. The expander is applied here to 
recover the energy used for the flue gas compression. In order to reduce the compression energy according to our 
simulation experience the 2-stage structure of each compressor, expander and vacuum pump was used [4]. 
Table 3 Definition of the icons used in the optimization process
Membrane Compressor Expander Vacuum pump 
2.1. Basic concepts 
Four membrane circuitries are illustrated in Fig. 1. Concepts 1 and 2 originate from the “enricher”, with which 
the permeate can be enriched; while Concepts 3 and 4 originate from the “stripper”, the main advantage of which is 
to obtain a pure retentate. 
1 2
3 4
Fig. 1 Different system arrangements of membrane circuitries,  
Concepts 1 & 2 originate from the “enricher” and 3 & 4 from the “stripper” 
3For the first simulation attempt, the flow rate of the feed gas was assumed 100 m /h and the other operating 
conditions were defined as shown in Table 1. A basic principle for choosing compressor pressure is to obtain the 
lowest possible pressure. Table 4 lists the simulation results of the membrane area and energy consumption of the 
concepts shown in Fig. 1. 
It is obvious from Table 4 that Concept 3 consumes the least energy per kg of separated CO2 (the cascade 
functions as a single-stage membrane); furthermore, using a compressor at the feed side (Concept 2) leads to less 
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membrane area than using a vacuum pump (Concept 3) on the permeate side to reach the same separation target – 
50% degree of CO2 separation, which has been discussed for a single-stage membrane system [4]. For Concept 4, 
even though it cannot reach high CO2 purity after separation, it still helps to obtain quite a good degree of CO2
separation of 90%. Then it can be estimated that the separation target – CO2 purity 95 mol% and degree of CO2
separation 90% – could be realized by combining the “enricher” and “stripper” in one system with suitable energy 
consumption. 
Table 4 Comparison of energy consumption of 2-stage membrane circuitries (Concepts 1~4 shown in Fig. 1)
Energy consumption Concept Separation degree CO  purity Membrane area 2
[%] [mol%] [m2] [kWh/kg separated CO2]
50 95.0 170.2 0.1594 1
Vacuum pressure 30 mbar, compressor pressure 8 bar 
50 95.0 44.4 0.3457 2
Compressor for each stage 10 bar 
50 80.0 161.2 0.1064 3
Vacuum pressure 30 mbar 
90 72.6 65.7 0.2534 4
Compressor pressure C1 = 4 bar, C2 = 8 bar, vacuum pressure 30 mbar 
2.2. Recirculation of flue gas 
Another measure investigated here is recirculating the retentate back to the feed side on the basis of the 
simulation results of the single-stage membrane system [4], i.e. higher CO2 composition in the feed gas makes it 
possible to obtain higher CO2 purity after separation with the same membrane parameters and under the same 
operating conditions. A further retrofit was made for Concepts 1 and 2 as shown in Fig. 2.  
1a 2a
Fig. 2 Recirculation of the retentate back to the feed side 
The simulation results of the 2-stage membrane system with the retentate recirculation are shown in Table 5. 
Comparing the results listed in Table 4 and 5 it can be observed that the recirculation of the flue gas involves 
somewhat greater energy consumption for each concept, which is reasonable considering the slightly increased 
amount of feed gas .  
From Table 5 it can be seen that when the degree of CO2 separation is enhanced from 50% to 90%, more energy 
is consumed under the same operating conditions; while at the same time the enhancement of the separation degree 
leads to a large increase of the membrane area. It should be emphasized here that Concept 2a is exactly the same as 
the 2-stage concept applied by the Dutch group [5, 19] 15 years ago to make economic analyses for gas separation 
membranes. The authors’ opinion that owing to the high energy consumption of the 2-stage membrane system it 
failed to be competitive with its competitor – chemical absorption – is still the prevailing view [20, 21]. However, 
the simulation results of Table 5 show that this 2-stage concept does not provide any advantage, except less 
membrane area. This motivated us to develop a more energy-effective membrane system. 
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Table 5 Comparison of energy consumption of 2-stage membrane circuitries
  with retentate recirculation (Concepts 1a and 2a shown in Fig. 2)
Energy consumption  Concept Separation degree CO  purity Membrane area 2
[%] [mol%] [m2] [kWh/kg separated CO2]
50 95.0 182.6 0.1600 1a
90 95.0 723.1 0.2049 
Vacuum pressure 30 mbar, compressor pressure 8 bar 
50 95.0 73.8 0.3438 2a
90 95.0 388.8 0.3763 
Compressor for each stage 8 bar 
2.3. Two-stage cascade 
Two principles should be obeyed for multi-stage membrane system design: a.) the membrane area should be as 
small as possible, which leads to lower investment costs; b.) the compression pressure should be as low as possible 
in view of minimum energy consumption. The relation between membrane area, energy consumption and 
investment cost will be discussed in the following section. 
On the basis of the above simulation results, two 2-stage cascade systems were developed, combining the 
advantages of both the enricher and the stripper. Fig. 3 shows the membrane circuitries of Concepts 5 and 6. The 
relative membrane area and energy consumption of the two concepts are given in Table 6. A detailed optimization 
of the multi-stage membrane process has been summarized elsewhere [22].  
65
Fig. 3 Two-stage cascade concepts 
Summing up the concepts which can reach the separation target – 95 mol% CO2 purity and 90% degree of CO2
separation –  the results shown in Fig. 4 indicate that Concept 6 has an advantage considering the influence of both 
energy consumption and of membrane area. 
Concept 6 was applied for 600 MW NRW-RKW, which causes an efficiency penalty of 8.5% points as shown in 
Table 7. In comparison with the energy penalty of the current MEA technologies ranging from about 8~14% points 
for different types of power plants [1, 23], the optimized 2-stage cascade membrane system approaches the lower 
limit. Furthermore, in view of the environmental impact of chemical absorption the gas separation membrane 
technology is quite promising and competitive. 
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Table 6 Simulation results of membrane area and energy consumption 
of 2-stage cascade membrane circuitries 
Energy consumption  Concept Separation degree CO  purity Membrane area 2
[%] [mol%] [m2] [kWh/kg separated CO2]
90 95.0 167.6 0.3192 5
Compressor pressure C1 = 4 bar, C2 = 16 bar, P = 200 mbar 
90 95.0 217.9 0.2617 6
Compressor pressure C1 = 4 bar, C2 = 8 bar, P1 = P2 = 200 mbar 
Fig. 4 Summary of the influence of different concepts on energy consumption and membrane area which can 
reach the separation target – 95 mol% CO2 purity and 90% degree of CO2 separation 
Table 7 Energy consumption and membrane area of Concept 6 used in RKW-NRW
Energy consumption Efficiency penalty CO  purity  CO  separation degree Membrane area 2 2
[mol%] [%] [× 106 m2] [kWh/kg CO2 separated] [% point] 
95 90 4.329 0.2621 8.47 
3. Estimation of investment costs 
Applying a gas separation membrane system for post-combustion, the following cost factors should be 
considered: a.) capital cost (including membrane, frame, compression equipment and heat exchanger); b.) O&M 
cost; and c.) energy consumption cost. An investigation of the literature [19, 24-26] shows that the capture cost for 
MEA absorption lies in the range of 30~50 euro/t .separated CO2
Referring to the work by the Dutch group [5, 19], in this paper a similar simulation method was used to calculate 
the optimized 2-stage cascade (Concept 6) gas separation membrane system mentioned above used in the 600 MW 
NRW reference power plant. Table 8 lists 12 equations applied to determine the total capture cost Ctot and CO2
specific separation cost; the relative cost and process parameters are shown in Table 9. It should be noted that the 
assumption of the price of the polymer membrane (50 euro/m2) is taken from the MEM-BRAIN project , and the 
equipment cost was assumed referring to the data published in the literature [5, 19]. Of course, with further 
investigation of the topic more accurate data can be used to make a more exact cost calculation. 
The cost simulation of the 2-stage cascade (Concept 6) used in 600 MW NRW-RKW was performed on the basis 
of the above cost assumption: total capture cost of 132.6 million euro and specific CO2 separation cost of 56.5 euro/t 
274 L. Zhao et al. / Energy Procedia 1 (2009) 269–278
Li Zhao / Energy Procedia 00 (2008) 000–000 
separated CO2, in which capital cost, O&M cost and energy cost constitute 66.8%, 17.5% and 15.7% respectively. The 
energy cost accounts for a minimal part of the total capture cost. A simple prediction for the future hardware cost is 
done here: if the membrane cost is reduced from 50 euro/m2 to 30 euro/m2 and the other costs kept the same, then 
the specific CO2 separation cost can be reduced to 47.8 euro/t separated CO2; and the cost structure changes to capital 
cost 61.6%, O&M cost 19.9% and energy cost 18.5%. It should be mentioned here that using the optimized 2-stage 
cascade membrane system (Concept 6) we arrive at a different conclusion from that of the Dutch group 15 years ago 
based on Concept 2a: the capital cost of the gas separation membrane system dominates the investment cost, not the 
energy consumption cost. The reasons why the cost structure has changed could be: 1.) in this work a separation 
target of 95 mol% CO2 purity and 90% degree of CO2 separation was defined, whereas in the previous work it was 
not; 2.) different membrane circuitries were used. 
Table 8 Equations applied to determine the specific CO2 separation cost [5, 19] 
Estimated investments I (components) Energy consumption of compression equipment P
Im   = A ǜ Km                   (1) membrane cost Ptot = Pc + Pvp - Pex        (7) total energy consumption 
Imf  = (A/2000)0.7 ǜ Kmf    (2) permanent membrane frame cost Annual costs C
Ic   = Kc ǜ Fh                   (3) compressor cost Ccap = (Ic + Ivp + Iex + Ihe + Imf) ǜ a + Im ǜ am    
                                                                             (8) 
capital cost 
Ivp  = Kvp ǜ Fh                  (4) vacuum pump cost CO&M = 0.036 ǜ (Ic + Ivp + Iex + Ihe) + 0.01 ǜ
(Im + Imf)                                                              (9) 
O&M cost 
Iex  = Pex ǜ Kex ǜ Fh          (5) expander cost Cen = top ǜ Ptot ǜ Kel                                             (10) energy cost 
per year 
Ihe  = Che                         (6) heat exchangers and cooling 
facilities
Ctot = Ccap + Cen + CO&M                                   (11) total cost 
Specific CO2 separation cost = Ctot/MCO2, ann, separated                                 (12) 
Table 9     Assumptions for cost and process parameters [5, 15, 17, 19] 
A [m2] membrane area  Che = 3.5 million 
euro
heat exchanger cost 
Km = 50 euro/m2 membrane unit cost  Fh = 1.8 cost factor for housing, installation etc. 
Kmf = 0.25 million 
euro
permanent membrane frame cost     
(2000 m2)
a = 0.064 depreciation factor (25 years) 
Kc = 30 million euro compressor cost (2-8 bar, 2-stage) am = 0.225 depreciation factor (5 years), real interest rate 5% 
Kvp = 4 ǜ Kc vacuum pump cost (200 mbar) top = 6000 annual operation time NRW-RKW 
Kex = 0.3 euro/watt expander cost  Kel = 3.37 cent/kWh electricity cost (hard coal) 
A parametric study was performed by using different membranes to investigate how membrane selectivity and 
permeability influence energy consumption and investment cost. Three membranes were chosen for that purpose: a 
GKSS membrane used in the above simulation (CO2/N2 selectivity 43 and CO2 permeance 0.5 Nm3/m2hbar), a 
GKSS membrane (best case till now) with CO2/N2 selectivity 75 and CO2 permeance 0.5 Nm3/m2hbar, and a virtual 
membrane set by RITE [27] for post-combustion capture with CO2/N2 selectivity 35 and CO2 permeance 1.368 
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Nm3/m2hbar. The membrane price (50 euro/m2) and the other assumptions for investment costs remain the same for 
the three cases. Fig. 5 shows the results of these calculations. 
It can be derived from the diagram that high selectivity means energy-efficient, which is the same as the single-
stage membrane system. Logically, higher permeability leads to a smaller membrane area, and thus to lower total 
capture costs because the capital cost (consisting of membrane and its frame cost, compression equipment cost etc.) 
dominates the whole investment cost.  
Fig. 5  Illustration of the influence of the membrane selectivity and permeability on the energy penalty and the 
equipment cost of the 2-stage cascade gas separation membrane system (Concept 6) 
It should be noted here that the simulation was performed on the basis of a binary gas (CO2 & N2) system. If the 
real flue gas is simulated some problems will arise, i.e. water condensation, which is discussed in detail in our other 
publication [22].  
4. Conclusions 
x Recirculation of retentate back to the feed side makes the separation target of 95 mol% CO2 purity and 90% 
degree of CO2 separation possible. 
x Using the NRW reference power plant and based on an ideal feed gas composition of 14 mol% CO2 and 86 
mol% N2, a 2-stage cascade membrane system was developed for post-combustion capture with a quite 
promising energy penalty of 8.5% points, which approaches the lower limit of the state-of-the-art chemical 
absorption method with 8-14% points energy loss. It is important to note here the eminent advantage of 
membrane technology concerning low environmental impact.
x The total capture cost of the membrane process is dominated by the equipment cost, not the energy cost for 
driving the system; a CO2/N2 gas separation membrane should be developed to enhance the permeability 
retaining the current selectivity level (43); then CO2 capture cost can be reduced clearly from approximately 57 
to 40 euro/tseparated CO2 (CO2 permeance increased from 0.5 to 1.4 Nm3/m2hbar), which is then quite competitive 
with MEA absorption of 30~50 euro/tseparated CO2.
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